A bifunctional 95 
INTRODUCTION
The parasitic protozoan Entamoeba histolytica is the causative agent ofhuman amoebiasis. It may cause life-threatening diseases such as haemorrhagic colitis or extraintestinal abscesses. It has been estimated that more than half a billion people are infected world wide [1] . E. histolytica is an ancestral protozoan organism that evolved shortly after the branching of pro-and eu-karyotes [2, 3] . Therefore it possesses some ancient metabolic pathways that differ substantially from those of higher eukaryotes. Although the same intermediates are found, several steps in E. histolytica glycolysis are catalysed by enzymes that use unusual cofactors. These enzymes include a pyrophosphate-dependent phosphofructokinase and a GDP-dependent phosphoglycerate kinase. Another peculiarity of the E. histolytica glycolytic pathway is the absence of a pyruvate kinase. It is replaced by a complex system consisting of pyruvate orthophosphate dikinase, phosphoenolpyruvate carboxytransphosphorylase, malate dehydrogenase and malate dehydrogenase (decarboxylating). These enzymes accomplish the conversion of phosphoenolpyruvate into pyruvate, which is subsequently oxidatively decarboxylated to acetyl-CoA. As the terminal cytochrome oxidase system is absent from E. histolytica, other pathways are necessary to generate oxidized nicotinamide nucleotides. Under anaerobic conditions, reducing equivalents [NAD(P)+] are generated by sequential reduction of acetyl-CoA to acetaldehyde and ethanol [4] [5] [6] . Acetyl-CoA is first converted into an enzyme-bound thiohemiacetal by an acetaldehyde dehydrogenase (ACDH; EC 1.2.1.10). The enzyme-bound thiohemiacetal is subsequently reduced by an NAD+-dependent alcohol dehydrogenase (NAD+-ADH; EC 1.1.1. 1). Previous studies suggested that both activities reside on a single protein [7] , but the protein has not been purified and characterized in detail.
The putative bifunctional activity of the amoebic ACDH/ ADH implies structural divergence from human ADH. This Escherichia coli and the bifunctional AAD protein of Clostridium acetobutylicum. Alignment with a number of aldehyde dehydrogenases and alcohol dehydrogenases from various species suggested that the two catalytic functions of EhADH2 are located on separate parts of the molecule. By cross-linking experiments and electron-microscopic analysis, native EhADH2 was found to be organized in a homopolymeric fashion consisting of more than 20 associated promoters which form rods about 50-120 nm in length.
opens up opportunities for the development of specific inhibitors, which might be useful for antiparasitic chemotherapy.
Here we report the purification, general properties and primary structure of the NADI-dependent ACDH/ADH of E. histolytica.
MATERIALS AND METHODS Enzyme assays
An Uvicon spectrophotometer was used for all enzyme assays, which were carried out in a final volume of 1 ml. The standard assay for NADI-dependent ADH was performed in the presence of 50 mM glycine/NaOH, pH 9.5, 0.2 mM NADI and 0.1 M ethanol. Alternatively ADH activity was determined using 50 mM potassium phosphate buffer, pH 6.5, containing 0.2 mM NADH and 0.5 mM acetaldehyde. ACDH activity was determined in 0.1 M Mops/KOH buffer, pH 7.5, containing 0.4 mM NADH and 0.2 mM acetyl-CoA. The rate of change in absorbance was determined at 340 nm (e = 6.22 x I03 M-1 cm-'). 
Protein purification
All purification procedures were performed on ice at 4 'C. ADH and ACDH activities were assayed immediately after each purification step, and active material was stored at -20 'C.
Samples of active fractions were analysed by SDS/PAGE (8 % gels) under reducing conditions [8] . Gels were stained with silver [9] with BSA as standard.
Protein purification was carried out from trophozoite lysates of the E. histolytica isolate HM: 1-IMSS cultured axenically in TYI-S-33 medium [10] . About 3 x 108 cells at late-exponential growth phase were harvested by chilling on ice for 10 min and centrifuged at 430 g at 4°C for 5 min. The resulting pellet was washed twice in PBS, freeze-thawed five times in solid CO2/ethanol, and sedimented by centrifugation at 150000 g at 4°C for 40 min. The 150000 g supernatant was passed in two batches of 8 ml, containing 256 mg of protein each, over a HiLoad 26/60 Superdex 200 f.p.l.c. column (Pharmacia, Uppsala, Sweden) using 20 mM Tris/HCl buffer, pH 7.5. Fractions containing the majority of NAD+-dependent ADH activity were pooled and applied in a single batch of 36 ml containing 72 mg of protein to a Mono Q anion-exchange column (Pharmacia). The column was equilibrated with 20 mM Tris/HCl buffer, pH 7.5. Adsorbed proteins were eluted by washing with the same buffer (40 ml) and subsequently with an NaCl gradient from 0 to 200 mM (160 ml) and finally by washing with 500 mM NaCl (40 ml). A Blue Sepharose CL-6B affinity column (5 ml bed volume; Sigma, Deisenhofen, Germany) equilibrated with 20 mM Tris/HCl, pH 7.5, was used for the last purification step. The pooled active fractions of the Mono Q anion-exchange column were diluted 1: 5 with 20 mM Tris/HCl, pH 7.5, and applied to the column, which was washed with 5 bed vol. of the Tris/HCl buffer. Elution was accomplished by adding the wash buffer containing 10 mM NAD+ to elute the enzyme at a flow rate of 0.2 ml/min. Fractions containing the majority of ADH activity were pooled.
Amino acid sequencing
The fractions obtained from Mono Q anion-exchange chromatography containing ADH activity were pooled and subjected to reversed-phase h.p.l.c. (Aquapore BU 300 column; Brownlee Laboratories, Santa Clara, CA, U.S.A.) connected with a 130A separation system (Applied Biosystems, Weiterstadt, Germany). Elution was performed with a linear gradient of 0-70 % acetonitrile in water, acidified with 0.1 % trifluoroacetic acid. The flow rate was 0.2 ml/min and 0.2 ml fractions were collected. Fractions were analysed by SDS/PAGE. The fraction containing the protein corresponding to the purified ADH was applied to a gasphase protein sequencer (model 473A; Applied Biosystems).
Cross-linking
Cross-linking experiments were carried out with the active fractions obtained from the Mono Q anion-exchange chromatography purification step. The bifunctional cross-linker dithiobis(succinimidylpropionate) (Pierce, Rockford, IL, U.S.A.) was added in 20-fold molar excess to the sample and the mixture incubated for 30 min at 4 'C. The protein conjugates were resolved by SDS/PAGE (4 % gels).
Electron microscopy A Philips CM 10 instrument was used for electron microscopy at an acceleration voltage of 80 kV. Pioloform-coated copper grids (400 mesh) were glow-discharged before samples were adsorbed for 15 s and subsequently negatively stained with 1 % uranyl acetate.
Isolation and sequencing of cDNA and genomic clones Two oligonucleotide primers ADH-S23 (5'-ATT GCA/T ATT GGA GGA GGA TCA GC) and oligo(dT)18 (5'-GAG AGA  GAA TTC TTT TTT TTT TTT TTT TTT) were synthesized on an Applied Biosystems DNA synthesizer. The sequence of the ADH-S23 primer was deduced from a region found to be conserved within the amino acid sequences of the AdhE protein from Escherichia coli [11] , ADH4 from Saccharomyces cerevisiae [12] and ADH2 from Zymomonas mobilis [13] . The two primers and total DNA obtained from a AZAP cDNA library of the E. histolytica isolate HM:IMSS [14] were used for DNA amplification by PCR under standard conditions [15] , consisting of 30 cycles each with 1 min of denaturation at 94°C, 1 min of annealing at 42°C and 1.5 min of extension at 72 'C.
The amplified DNA was used to screen a cDNA [14] and a genomic library [16] of the E. histolytica isolate HM1:IMSS, both constructed in the AZAP phage vector. Hybridizing phages were isolated, and the plasmids were released according to the manufacturer's recommendations (Strategene, Heidelberg, Germany). Selected inserts were sequenced on both strands by the dideoxy-chain termination method [17] .
Northern-and Southern-blot analysis Total E. histolytica RNA and DNA were isolated from trophozoites of the isolate HM: I-MSS as previously described [18] . Southern-and Northern-blot analyses were performed according to published procedures [19] , using 10 l,tg of DNA and RNA respectively. Blots were hybridized with the radiolabelled probe using the Prime-a-Gene Labelling System (Promega, Madison, WI, U.S.A.).
RESULTS

Purfflcation of E. histolytica ACDH/ADH
NADI-dependent ACDH/ADH of E. histolytica (EhADH2) was purified by three successive chromatography steps (gel filtration through Superdex 200, anion exchange on Mono Q and a Blue Sepharose affinity column) resulting in a final recovery of 2.80% of NADI-dependent ADH activity and a 71-fold purification (Table 1) . SDS/PAGE analysis of the active fractions after Mono Q and Blue Sepharose chromatography revealed a highly enriched protein with a molecular mass of 95 kDa ( Figure  1 ). From previous studies it was suggested that the amoebic NADI-dependent ADH is comprised of ADH and ACDH activity. Therefore ACDH activity was monitored in parallel with the ADH activity during purification of the 95 kDa molecule. As summarized in Table 1 , the ADH-positive fractions did contain ACDH activity. In addition, the ratio between ADH and ACDH activity was found to be constant after each chromatography step, indicating that the two activities are located on a single molecule.
To determine the N-terminal amino acid sequence ofEhADH2, the 95 kDa molecule within the active Mono-Q fractions was purified by h.p.l.c. and subjected to protein sequencing. Unfortunately, the majority of molecules were revealed to have a blocked N-terminus, therefore only the first four amino acid residues could be determined with certainty resulting in the sequence Asn-Met-Ser-Thr.
Molecular characterizatlon of EhADH2 Km values
The two enzyme activities of purified EhADH2 were further analysed. ADH activity was measured for the forward and 
Primary structure
To determine the primary structure of the EhADH2, corresponding E. histolytica cDNA and genomic sequences were analysed. Isolation of these sequences was achieved using an oligonucleotide probe deduced from an amino acid sequence found to be conserved between various NADI-dependent ADHs of different prokaryotes and yeast (see the Materials and methods section). The longest cDNA clone was sequenced and revealed an open reading frame of 2616 bp encoding a protein with a calculated molecular mass of 95867 Da. The N-terminal amino acid sequence adjacent to the first encoding methionine was found to be identical with the stretch of sequence obtained by protein sequencing of purified EhADH2.
Northern-and Southern-blot analyses showed a single transcript for EhADH2 of about 2.5 kb encoded by a gene family of multiple copies within the amoebic genome (Figure 2) . Analysis of EhADH2 genomic sequences revealed some structural peculiarities common to most E. histolytica genes. (i) As far as the cDNA sequence had been obtained it completely matched the genomic sequence implicating a lack of introns for the E. histolytica adh2 gene. (ii) The sequence motif ATTCA which is known as the transcriptional-start site in various E. histolytica genes is located 18 bp upstream of the translation initiation ATG. Furthermore, 28 bp 5' to the ATTCA element a second consensus motif is found comprising the sequence TATTTAAA. This element is present in nearly all E. histolytica genes so far analysed about 30 bp upstream of the start of transcription [20] .
The DNA-deduced amino acid sequence of EhADH2 was aligned with ADH and ALDH sequences reported to the EMBL/GenBank/DDBJ Nucleotide Sequence Databases. Over the entire sequence, greatest similarity was found to the trifunctional AdhE protein of Escherichia coli (45 % amino acid identity; Figure 3) , which harbours ADH, ACDH and pyruvate formate lyase (PFL) deactivate activity, and the bifunctional AAD protein of Clostridium acetobutylicum (43 % amino acid identity), which like the amoebic enzyme possesses ADH and ACDH activity. Significant homology with monofunctional ALDHs was restricted to the N-terminal section and with ADHs to the C-terminal section of EhADH2, suggesting that the two enzymic properties of EhADH2 are located on separate parts of the molecule (Figure 4 ). 
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Figure 3 Comparison of the amino acid sequences of EhADH2 from E. histolytica and AdhE from E. coli [11] (EcAdhE)
Identical residues are boxed. For optimal alignment, gaps were introduced into the sequences. Figure 6 Electron micrograph of negatively stained EhADH2
Purified native EhADH2 was adsorbed to copper grids, negatively stained with uranyl acetate and subjected to electron microscopy. The depicted specimens are representative of most of the molecules observed (size distribution from 50 to 120 nm in length). The bar indicates 50 nm.
Figure 4 ALDHs and ADHs with similarity to EhADH2
Bars representALDiHs or ADHs of different species. Areas of substantial homology between these enzymes and EhADH2 are indfcated by double lines. Similarities of these areas-are expressed as percentage of identical amino acid residues. Abbreviations: EhADH2, E. histolytica enzyme (this study); EcAdhE, E coliADH/ACDH/PFL deactivase [11 ] ; CaAAD, Cl. acetobutylicum ALDH/ADH [21 ] ; EcbetALDH, E coli betaine ALDH [22] ; PoALDH, Pseudomonas oleovorans ALDH [23] ; EcALDH, E. coli ALDH [24] ; BtALDH, Bos taurus mitochondrial ALDH [25] ; MmALDH, Mus musculus cytosolic ALDH [26] ; AnALDH, Aspergillus nidulans ALDH [27] ; EcSSD, E coli succinate semialdehyde dehydrogenase [28] ; ScADH4, Saccharomyces ceievisiae ADH4 [12] ; ZmADH2, Zymomonas mobilis ADH2 [13] ; EcLAD, E. coli lactaldehyde dehydrogenase [29] ; CaADH1; Cl. acetobutylicum P262 ADH1 [30] . The size of each enzyme expressed as number of comprising amino acid residues is shown on the right. Figure 5 ). This is in agreement with the rod-forming association of more than 20 protomers in the native EhADH2 protein directly visualized by negative-staining electron microscopy. Rod lengths of 50-120 nm overall were found most, consisting of clearly discernible protomers about 7 nm in length ( Figure 6 ).
DISCUSSION
Two different ADHs have previously been identified in the protozoan parasite E. histolytica, the NADP+-dependent EhADHI and the NADI-dependent EhADH2 [7, 31] . Although both enzymes might catalyse the final reaction in amoebic glycolysis, the role of EhADHI is somewhat uncertain. It has a much higher affinity for secondary than primary alcohols [31] , suggesting that, under physiological conditions, it is of minor importance in amoebic glycolysis [32] . On the other hand, EhADH2 prefers primary alcohols and in addition harbours ACDH activity [7] . Therefore it would appear to be one of the key enzymes of amoebic glycolysis, as it should catalyse the conversion of acetyl-CoA into enzyme-bound thiohemiacetal and subsequently ethanol.
In an attempt to analyse this enzyme in more detail, we purified and characterized EhADH2. Our results confirm the presence of NADI-dependent ACDH and ADH activities on a single molecule. Kinetic studies revealed a lower Km for acetylCoA (0.015 mM) than for acetaldehyde (0.15 mM) and a relatively high Km of 80 mM for ethanol, which strongly suggests that EhADH2 indeed functions in the direction of ethanol formation.
So far, only two polypeptides of prokaryotic origin have been identified that possess ACDH and ADH activity, the Cl. acetobutylicum AAD [23] and the E. coli AdhE [11] . Both were found to share striking sequence similarity to EhADH2. Like the amoebic enzyme, AAD consists of 872 amino acid residues whereas AdhE has an additional 19 residues. Besides ACDH and ADH activity the E. coli polypeptide also contains PFL deactivase activity. This enzyme catalyses the cleavage of pyruvate to acetyl-CoA and formate [33] . In E. histolytica, there is no evidence for the presence of PFL deactivase activity, as pyruvate is only reduced to ethanol and acetate [5] .
The N- [33] provided evidence that both enzymes are homopolymeric peptides composed of more than 20 protomers associated in a helical rod-like structure. Chymotryptic digestion of AdhE revealed that ADH activity is located within a continuous stretch of sequence, whereas ACDH activity is not [33] . On the basis of homology with this stretch of sequence, we assume that EhADH2 harbours ADH activity between amino acid residues 420 and 770.
The presence of an NADI-dependent ACDH/ADH in E. histolytica, which until now has only been found in prokaryotic organisms, supports the assumption that this organism belongs to a very early branch of eukaryotic evolution before symbiosis with protomitochondria occurred [3] . This is in line with the occurrence of PPi-dependent glycolysis [6] , and the primary structure of other E. histolytica proteins, such as elongation factor la [3] , iron-containing superoxide dismutase [14] and pyruvate phosphate dikinase [37] .
Metronidazole is the most widely used drug for treatment of anaerobic protozoan infections. Considering the reports on resistance to metronidazole in Entamoeba, Giardia and Trichomonas, alternative drugs need to be found [38] [39] [40] [41] . Unique enzymes such as EhADH2 are rational targets for chemotherapy, as they are essential for the parasite and specifically tailored inhibitors against them should be non-toxic to the host. Our characterization of EhADH2 might provide the basis for the development of such inhibitors.
Note added in proof (received 22 August 1994)
Some of the biochemical properties and the primary structure of ELADH2 have been reported by Yang et al. [42] .
